Copper-transporting P-type ATPases, which play important roles in trafficking Cu(I) across membranes for the biogenesis of copper proteins or for copper detoxification, contain a variable number of soluble metal-binding domains at their N-termini. It is increasingly apparent that these play an important role in regulating copper transport in a Cu(I)-responsive manner, but how they do this is unknown. 
Introduction
Copper-transporting P-type ATPases, which belong to the PIB-1 subgroup of the P-type ATPase superfamily, have been identified in a wide variety of organisms, in which they function in moving Cu(I) across membranes, either for detoxification or for the biogenesis of a copper-containing protein [1, 2] . Like all P-type ATPase transporters, they are integral membrane proteins with soluble phosphorylation, actuator and nucleotide-binding domains. The membrane-spanning region of these transporters, which consists of six to eight transmembrane helices, includes a CPX (cysteine-prolinecysteine/histidine/serine) motif that plays a key role in determining the specificity for Cu(I).
Also unique to the PIB-1 subgroup is a variable number of usually N-terminal metal-binding domains. In most cases, these have a ferredoxin-like βαββαβ fold and contain a conserved MXCXXC copper-binding motif [3] . Bacterial transporters feature either one or two metal-binding domains, while in eukaryotic transporters they number between two (e.g., in yeast) and six (e.g., in human) [4, 5] .
Furthermore, the nature of linking sequences between the domains is variable. In bacteria, transporters with two domains normally have a very short linker (a few residues), while in eukaryotes the linker is short between the 5 th and 6 th domains, but between other domains it varies between 10 -90 residues [4] .
The functions of the domains have been the subject of considerable debate. While some reports indicated that they are involved directly in the mechanism of Cu(I) transport [6] , others revealed that they are not essential for Cu(I) transport [7] [8] [9] . Consistent with this, the X-ray structure of the Cu(I)
transporter from Legionella pneumophila [10] and a cryo-EM based model of CopA from
Archaeoglobus fulgidus [11] showed that the soluble domains are too far away from the proposed Cu(I)-entry site to be directly involved in transport. However, proximity to the actuator and nucleotide-binding domains, along with protein-protein interaction studies, led to the proposal that the metal-binding domain(s) fulfill a regulatory function through interactions with these domains [8, [10] [11] [12] .
Human copper-transporting P-type ATPases ATP7A (Menkes protein) and ATP7B (Wilson protein) each possess six N-terminal soluble domains [13] . The function of these domains is more complex than in their bacterial or yeast counterparts because they play an important role in trafficking
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5 the transporter to different cellular compartments in response to variance in copper levels [14] . While each soluble domain of ATP7A can bind Cu(I) [3, 15] , a protein containing all six domains preferentially converted to a more stable form with 4:1 stoichiometry [16] , suggesting that Cu(I)-induced changes in tertiary structure result from cooperative interactions of the six N-terminal domains of ATP7A. On the other hand, NMR studies showed that the first and fourth domain formed a metalmediated adduct with Hah1, the cognate copper chaperone, with Cu(I) then transferring to domains 5 or 6 [15, 17] . In vivo studies showed that either the fifth or sixth domain alone was sufficient for trafficking to the plasma membrane/copper transport [18] . A similar picture has emerged for ATP7B, in which all domains are capable of binding Cu(I) [19] but only domains 5 and 6 are important for Cu(I)-dependent cellular localisation [20] , and domains 1, 2 and 4 appear to interact preferentially with
Hah1 [21] .
The Cu(I)-transporting P-type ATPase from Bacillus subtilis, CopA, contains two soluble Nterminal domains with a two amino acid residue linker [22, 23] . Both domains are able to bind Cu (I) and to interact with the chaperone CopZ [24] . The structure of the two domain protein CopAab revealed that it is organised in two closely packed ferredoxin-like domains, linked through only two residues, Val72 and Thr73, and spatially oriented such that the two Cu(I)-binding sites are far apart, see Fig. 1 [ 22, 23] . There are two interacting regions between the two domains, one involving residues 11-12
and 72 with residues 119-122 and the other involving residues 9-10, 57, and 61 with residues 103-104.
The protein undergoes Cu(I)-mediated dimerisation above 1 Cu(I) per protein, leading to a luminescent Cu(I) cluster [23, 25] . Each soluble domain has also been studied in isolation, revealing different stabilities and, although both bind Cu(I), they do so in different ways [26, 27] , suggesting that they are functionally distinct.
In order to determine the importance of the covalent linkage between the two domains of CopAab, we employed spectroscopic and bioanalytical methods to study 1:1 mixtures of the separate CopAa and CopAb domains. The data reveal that, in the absence of the covalent link, the domains do not form a stable complex, with only indirect evidence of a weak interaction. Although Cu(I)-mediated domain association was observed, this occurred only between domains of the same type, consistent with a lack of inter-domain interaction. The physiological consequences of this are discussed.
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Material and Methods

Purification of CopAa and CopAb and additions of Cu(I) ions
CopAa and CopAb containing, respectively, residues 1 -72 and 73 -147 of B. subtilis CopA were purified as previously described [26, 27] using an Äkta Prime Plus (GE Healthcare). CopAa is known to be less stable than CopAb [26, 27, 29] . Unfolding appears to be concentration dependent because there was no evidence for it occurring prior to the dilution of CopAa from concentrated stock solution to generate working solutions for experiments. During experiments, precipitation did not occur (as evidenced by the lack of scattering measured by UV-visible absorbance spectroscopy). Prior to the addition of metal ions, the protein solutions were reduced using 5 mM DTT and excess DTT was subsequently removed using a desalting column (PD-10, GE Healthcare). The oxidation state of the cysteines following removal of DTT was assessed by reaction with Ellman's Reagent (5'5-dithio-bis (2-nitrobenzoic acid), DTNB), which confirmed the presence of ~2 reactive thiols per protein molecule.
Anaerobic additions of Cu(I) were made using a microsyringe (Hamilton) as previously described [23, 26, 27] . Titration experiments were conducted using a single sample cuvette; after each metal ion addition, samples were incubated for 2 min before spectra were recorded. Data were corrected for dilution effects.
Absorbance and CD spectroscopies
UV-visible absorbance spectra were recorded on a Perkin-Elmer λ35 or JASCO V550
spectrophotometer. CD spectra in the far-UV range (190-250 nm) were recorded using a Jasco J-810 spectropolarimeter interfaced to a PC, with a slit width of 2 nm and scan speed of 100 nm/min. CD . Spectra were corrected for intensity due to the buffer. Fluorescence emission spectra were recorded using a Perkin-Elmer LS55
spectrophotometer at 25 ºC with excitation at 276 nm and excitation and emission slit widths of 9 nm.
For the measurement of emission in the region 500 -700 nm, slit widths were set to 10 nm (with excitation at 295 nm) and a 390 nm cut-off band pass filter was employed. Scan speed was 200 nm/min for all fluorescence measurements.
NMR spectroscopy
NMR spectra were acquired using a Bruker Avance III 800 MHZ spectrometer equipped with a triple resonance, pulsed field gradient probe, operating at frequencies of 800. was applied to each dimension for apodization. The indirect dimensions were first linear-predicted to double the number of data points, and then zero-filled to round up the number of data points to the nearest power of 2.
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Analytical gel filtration
Samples were prepared under anaerobic conditions containing 100 µM of each CopAa and CopAb in 100 mM MOPS, 100 mM NaCl, pH 7.5, at 0.5, 1.0 and 2.0 Cu(I) per domain. Each 500 µl sample was loaded onto a Superdex 75 10/300 GL column (GE Healthcare), with a total column volume (Vt) of 24 ml and a void volume (V0) of 7.6 ml, as determined using blue dextran. The column was equilibrated and operated using thoroughly deoxygenated buffer at a flow rate of 0.8 ml min −1 . Elution fractions were collected every 0.5 mL and analysed for copper and protein.
Copper analysis
For analysis of the elution fractions from the G75 column, an ICP-AE (inductively coupled plasma 
Mass spectrometry
HPLC-MS experiments were performed using an UltiMate 3000 HPLC system (Dionex, Sunnvale, CA, (1-3 min), followed by an isocratic wash (100% B, 3-7 min) and column re-equilibration (2% B, 7-11 min). Mass spectra were recorded in the range 500 -3400 m/z, using Bruker oTOF Control software with parameters as follows: dry gas flow 8 L/min, nebuliser gas pressure 1.8 bar, dry gas 240 °C, CopAb residues in the two domain protein (Fig. 2B ). Why residues in the α1 and β2 elements, which are remote from the domain interface, should be affected is not so clear but such long-range chemical shift perturbations are not uncommon, and often reflect a variation in hydrogen-bond strength for the relevant peptide NH groups [31] .
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Results
NMR studies reveal no significant interaction between CopAa and CopAb.
To investigate physical interactions between CopAa and CopAb in the experimental mixture of two proteins, 15 N-labelled apo-CopAa and non-labelled apo-CopAb were mixed in 1:1 ratio. The resulting 1 H 15 N-HSQC spectrum was essentially identical to that of apo-CopAa alone (Fig. 2C shows the two spectra shifted by 0.03 ppm to assist visualisation), indicating that no significant interaction between the two domains in the absence of a covalent link between them is detected by NMR. 
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The conformational stability of CopAa is increased in the presence of CopAb.
Previous studies of CopAa showed that it is much less stable than CopAb in the absence of Cu(I) [26, 27] and that it undergoes Cu(I)-induced unfolding, particularly at levels >1 Cu(I) per CopAa [26] . Far UV CD studies of apo-CopAa confirmed that it is only marginally stable. Fig. 3A shows spectra recorded immediately following reduction and removal of excess DTT, and following overnight incubation. Clearly significant secondary structure loss occurred during this period. A 1:1 mixture of apo-CopAa and apo-CopAb gave a spectrum, Fig. 3B , indicative of both β-sheet and α-helix content, similar to apo-CopAab [23] except that the positive peak is slightly shifted to <195 nm and the negative peak observed for apo-CopAab at 222 nm is not as well defined in the mixture of separate domains (inset, Fig. 3A ). Re-measurement of the spectrum (Fig. 3B ) after overnight incubation revealed that only a small amount of secondary structure was lost, indicating that the presence of apo-CopAb resulted in a stabilisation of the CopAa fold. The isolated domains exhibited multi-phasic binding behaviour similar to that described above for absorbance, and so, as above, if independent high affinity binding occurred to both domains, quenching This showed an initial shallow increase upon addition of 0 -0.25 Cu(I)/domain, followed by a more substantial increase up to 0.5 Cu(I)/domain, which then remained stable at higher levels of Cu(I), up to 2.5/domain. This behaviour is very different from that observed for CopAab, which below a level of ~0.5 Cu(I)/domain (~1 Cu(I)/CopAab) does not give rise to any luminescence intensity (Fig. S2C ) [25] .
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Above this level, however, a highly luminescent species is formed with maximum intensity (>10-fold greater than observed here) at ~1 Cu(I)/domain (~2 Cu(I)/CopAab). Clearly, the mixture of CopAa and CopAb does not mimic the properties of CopAab. Previous studies of the isolated domains showed luminescence increases for CopAa from ~0.25 -1 Cu(I)/CopAa [26] , while for CopAb, luminescence intensity did not appear until ~ 1 Cu(I)/CopAb [27] . In both cases, only low intensity luminescence (similar to that observed here for the mixture) was observed. Thus, the luminescence titration behaviour cannot be interpreted as the sum of the individual 
Cu(I)-mediated domain association occurs only between domains of the same type.
Analytical gel filtration was used to gain insight into the species present when Cu(I) is added to a mixture of CopAa and CopAb. An equimolar mixture of apo-CopAa and apo-CopAb resulted in a major peak at the same position as that observed for the two individual domains (Fig. S4) . These have been shown previously to both be monomeric [26, 27] . Thus, the data are consistent with NMR data in that they indicate that the two domains do not associate to form a stable complex in solution. Some low intensity bands were observed at lower elution volumes, indicating that a small proportion of protein was present as larger species (Fig. S4) .
Addition of 0.5 Cu(I)/domain resulted in a chromatogram (Fig. 6A ) containing a major peak at an elution volume of ~14 ml and a shoulder at elution volume ~13 ml. This indicates that the sample is in the form of monomers together with a higher molecular mass species (eluting earlier) resulting from Cu(I)-induced monomer association. This could be due to homo-or hetero-species containing CopAa and/or CopAb. To investigate this, the protein and copper distribution across the gel filtration elution profile were analysed using ICP-AE (for copper) and LC-MS (for proteins), see Fig. 6A . These revealed that the main (monomer) peak is due to both CopAa and CopAb and contained the majority of copper. The shoulder at ~13 ml is due primarily to CopAa, consistent with this being a higher association state form of CopAa. Only low amounts of copper were detected in these fractions but it is likely that these result from copper-mediated association. Previous studies of CopAa showed that addition of Cu(I) initially resulted in formation of CopAa tetramers, but the elution volume for the tetramer species was 11 ml [26] , suggesting that the species formed here is significantly smaller, most likely a dimer [26] . This suggests that the presence of CopAb inhibits Cu(I)-induced CopAa tetramer formation. At 1 Cu(I)/domain, the chromatogram (Fig. 6B ) again showed a major peak at ~14 ml, a shoulder at ~13 ml and a more distinct shoulder at ~10.7 ml. Protein and copper analyses revealed that the main (monomer) peak is due to both CopAa and CopAb and again contained the majority of the copper. The ~13 ml shoulder was due only to CopAa and with significant amounts of copper. The lower elution volume peak was also associated with copper but protein was not detected by LC-MS in these fractions. (Fig. S3) . As observed previously for 0.5 Cu(I)/CopAa [26] , the data indicate that CopAa undergoes association upon binding Cu(I), resulting in the loss of a well dispersed NMR spectrum.
ACCEPTED MANUSCRIPT
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At 2 Cu(I)/domain, two main peaks were observed in the chromatogram (Fig. 6C) , at elution volumes of ~13 ml and ~10.7 ml. Protein and copper analyses revealed that the broad peak at ~13 ml is due mostly due to CopAb, and likely represents a copper bound dimeric form [27] . The peak at ~10.7 ml results only from CopAa and corresponds to a copper-bound tetrameric form [26] . The CopAa profile is asymmetric with a tail that extends into the CopAb peak, suggesting that a dimeric form of
CopAa is also present but at lower concentration than the tetramer.
Discussion
The two N-terminal domains of CopA closely pack to form a single rigid molecule with a two residue (Val72 and Thr73) linker between domains [22, 23] . There are two interacting regions between the two domains, the first involving residues 11/12 and 72 (CopAa) and residues 119-122 (CopAb), and the second residues 9/10, 57, and 61 (CopAa) and residues 103-104 (CopAb). These interactions are in part due to an H-bond network at the inter-domain region, involving the pairs: Hε2 Gln11/Oε2 Glu122; backbone NH Gln11/Nδ2 Asn119; and Hδ2 Asn104/Oε1 Gln61. Hydrophobic interactions are not a major part of the inter-domain contacts, being limited to the interactions between Met10 and Ala103 and between Val72 and the side chain of Lys121 [22] .
Here, HSQC NMR data for 15 N-labelled CopAa alone was compared with that of 15 N-labelled CopAab ( Fig. 2A) . Most of the resonances of CopAa were found to overlay with the equivalent peaks of the two domain protein, with exceptions for residues principally at or close to the surface interacting with CopAb residues in the two domain protein (Fig. 2B) . The HSQC spectrum of a mixture of There were no differences between them (Fig. 2C) for the CopAa domain in the CopAab spectrum. The lack of interaction between isolated domains was also apparent from gel filtration studies of the apo-proteins (Fig.S4) . Thus, despite the inter-domain interactions observed in the two domain protein CopAab, in the absence of the covalent link between them, the domains do not form a stable complex.
Studies of interactions between the N-terminal metal binding domains of the human copper transporters ATP7A and ATP7B, which contain six such domains, have revealed that, while domains 5 and 6 form a compact structure, overall, the six domains do not [15, 21, 32] . Instead, they undergo transient interactions with each other that are likely to be important for both copper transfer and for regulation of transfer activity [33] . In particular, domains 1-3 of ATP7A were shown to interact with each other in a highly dynamic, transient fashion [34] , and very recent NMR studies of interactions between the separately purified domains showed a clear interaction between domains 1 and 3, and some evidence for weaker interactions between domains 1 and 2 and 2 and 3 [35] .
Where highly stable inter-protein interactions are found, interactions are commonly maintained in the absence of a covalent linkage between the different parts of the proteins, as illustrated by the classic studies of single domain proteins such as RNase A and barnase [36, 37] . Thus, the data presented here for the N-terminal domains of B. subtilis CopA are unusual in that they show that a stable complex does not form between the isolated domains even though they are known to interact in the two domain protein CopAab [23] . This may well be consistent with the emerging picture of dynamic, transient interactions between the N-terminal domains of the human ATP7A and ATP7B proteins; it seems that in the absence of the covalent link, the domain-domain interactions are not sufficiently strong to maintain a complex. Studies of interactions between the N-terminal domains of other prokaryotic copper transporting P-type ATPases would be interesting to determine if this behaviour is typical.
Studies of the Cu(I)-binding properties of a 1:1 mixture of CopAa and CopAb by UV-visible absorbance and fluorescence (Fig. 4) were consistent with previous spectroscopic studies that showed that the two domains initially bind Cu(I) ions with similarly high affinity [26, 27] , and could be A C C E P T E D M A N U S C R I P T 20 reasonably interpreted as resulting from entirely independent binding of Cu(I) to the two domains, consistent with the conclusion that the domains do not interact.
While it is clear that the two domains do not form a stable complex, the data did provide indirect evidence of a weak interaction. Far UV CD spectra (Fig. 3 ) demonstrated a positive effect on the conformational stability of CopAa in the presence of CopAb, and luminescence data (Fig. 5 ) revealed behaviour that could only result from an interaction between the domains that influences Cu(I)-binding to one or both. Furthermore, gel filtration revealed that the Cu(I)-dependent association state properties of the CopAa domain were affected by the presence of CopAb. The tetrameric species observed to form immediately upon Cu(I)-binding to CopAa alone [26] was only observed at higher Cu(I) concentrations, and instead a likely dimeric CopAa species was observed at lower Cu(I) levels. Thus, a weak interaction between the domains must occur. Given the concentrations employed in NMR and gel filtration experiments, we estimate that the Kd for complex formation is no lower than the mM level. For future studies, it would be interesting to try to find direct evidence for this weak interaction between the domains. While FRET/EPR or cross-linking are often employed to detect protein-protein interactions, NMR is normally the method of choice when looking for evidence of weak interactions (because it can detect these where other methods cannot) and so the best strategy for this work is unclear at present.
It was previously shown that the short inter-domain linker precludes intra-protein, inter-domain Cu(I)-binding (whereby a Cu(I) ion would bridge the CopAa and CopAb binding motifs), because it results in a spatial orientation of domains that places the two Cu(I)-binding sites far apart [22, 23] . In the absence of the constraints imposed by the linker, inter-domain Cu(I)-binding could occur. Gel filtration/copper and protein analyses reported here (Fig. 6 ) demonstrate that Cu(I)-mediated heterocomplexes of the two domains do not accumulate, consistent with the lack of a stable interaction between the apo-proteins. The previously reported dimerisation of CopAab that occurs >1 Cu(I) per protein [23, 25] could be due to homo-or hetero-domain interactions. We conclude that CopAab dimerisation very likely occurs via homo-domain interactions, probably initially via CopAa, which dimerises much more readily than CopAb [26, 27] .
The function(s) of the N-terminal soluble domains of Cu(I)-transporting P-type ATPases is not entirely clear, though there is growing evidence that they play a key role in regulating the activity of the transporter. In the crystal structure of L. pneumophilia CopA, the N-terminal soluble domain was not well-defined, but an approximate location was modelled, indicating proximity to the actuator and nucleotide-binding domains [10] , consistent with cryo-EM studies [11] . While the N-terminal domains of the human ATP7B transporter do not interact with other cytoplasmic domains [35, 38] , the very Nterminal part of the protein (that precedes the first metal binding domain) was recently shown to bind to the nucleotide-binding domain [35] , thus accounting for earlier observations of a Cu(I)-dependent interaction between the N-terminal part of the protein and the nucleotide-binding domain [12] . A Cu (I) and ATP-sensitive interaction between the N-terminal soluble and nucleotide-binding domains of A.
fulgidus CopA has also been reported [39] , indicating that regulatory interactions also occur in prokaryote transporters.
Thus, a picture of how regulation of copper transporters could occur is evolving [8, 10, 11, 35] . [23, 25] , which are dependent on the linker between the domains, and these may be important for such a regulatory role. Whether dimerisation of the N-terminal domains, observed here to involve homo-domain complexes only, has functional relevance is not clear, though we note recent evidence that ATP7B forms a dimer in vivo [40] .
In conclusion, in the absence of the covalent linker, the two B. subtilis CopAa domains do not 
